Abstract Recent advances in mouse genomics have revealed considerable variation in the form of single-nucleotide polymorphisms (SNPs) among common inbred strains. This has made it possible to characterize closely related strains and to identify genes that differ; such genes may be causal for quantitative phenotypes. The mouse strains DBA/1J and DBA/2J differ by just 5.6% at the SNP level. These strains exhibit differences in a number of metabolic and lipid phenotypes, such as plasma levels of triglycerides (TGs) and HDL. A cross between these strains revealed multiple quantitative trait loci (QTLs) in 294 progeny. We identified significant TG QTLs on chromosomes (Chrs) 1, 2, 3, 4, 8, 9, 10, 11, 12, 13, 14, 16, and 19, and significant HDL QTLs on Chrs 3, 9, and 16. Some QTLs mapped to chromosomes with limited variability between the two strains, thus facilitating the identification of candidate genes. We suggest that The leading cause of mortality in developed nations is ischemic cardiovascular disease, and the pathological basis is atherosclerosis. Major risk factors for atherosclerosis are high plasma levels of triglycerides (TGs) (1) and LDL, as well as low levels of HDL cholesterol (2). High levels of plasma HDL provide protection against heart disease, as shown in both human (3-5) and animal studies (6-11). Many genes and pathways controlling LDL levels are known; however, those that control TG and HDL levels are less well characterized. A successful route toward identifying genes that affect quantitative phenotypes is through the use of inbred mouse strains and quantitative trait locus (QTL) analysis. A combination of genetic tools and databases, along with improved mapping techniques (12), are helping to identify these QTL genes (13-15).
The leading cause of mortality in developed nations is ischemic cardiovascular disease, and the pathological basis is atherosclerosis. Major risk factors for atherosclerosis are high plasma levels of triglycerides (TGs) (1) and LDL, as well as low levels of HDL cholesterol (2) . High levels of plasma HDL provide protection against heart disease, as shown in both human (3) (4) (5) and animal studies (6) (7) (8) (9) (10) (11) . Many genes and pathways controlling LDL levels are known; however, those that control TG and HDL levels are less well characterized. A successful route toward identifying genes that affect quantitative phenotypes is through the use of inbred mouse strains and quantitative trait locus (QTL) analysis. A combination of genetic tools and databases, along with improved mapping techniques (12) , are helping to identify these QTL genes (13) (14) (15) .
When mapping QTLs in mouse models, it is important to use strains that differ in the phenotype of interest and to capture a large proportion of the genetic variation present in the inbred strains (16) . However, in this study we used two mouse strains that differ in phenotype but are genetically closely related, demonstrating that QTL genes can be identified by using models of limited genetic variability. The strains used are DBA/1J (D1) and DBA/2J (D2).
The DBA strain was developed by Clarence Cook Little in 1909 and is the oldest of all inbred strains of mice. In 1929-30, crosses were made between substrains, and several new substrains were established, including D1 and D2. Differences between the substrains are too large to be accounted for by mutation and probably result from residual heterozygosity following the crosses between substrains (www.informatics.jax.org/external/festing/search_ form.cgi). D1 and D2 have been assayed for ?140,000 single-nucleotide polymorphisms (SNPs) (17) . Less than 6% of these differed between D1 and D2, and regions that are not identical by descent (IBD) contained just 1,697 known or predicted genes. Genes that are in polymorphic locations between D1 and D2 and underlie a QTL would be regarded as candidate genes.
The D1 and D2 strains exhibit significant differences in circulating plasma levels of TG and HDL, as well as other metabolic factors such as insulin, leptin, body weight, and percent body weight as fat (18) . We report the QTL found in a D1 3 D2 cross for TG, HDL, and body weight and propose some candidate genes. ), carrying a mutation in the thyroid-stimulating hormone receptor were obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained on a 14 h light/10 h dark cycle. Mice were housed in individually pressurized cages (Thoren Caging Systems) containing pine shaving bedding, topped with a polyester filter, and allowed ad libitum access to acidified water and a chow diet containing 6% fat by weight (LabDiet 5K52; LabDiet, Scott Distributing, Hudson, NH). Animal protocols were reviewed and approved by the Animal Care and Use Committee at The Jackson Laboratory. Tshr hyt was originally identified as a spontaneous hypothyroid mutation in an RF/J mouse and was subsequently backcrossed into a BALB/cByJ background (N 10 ) and maintained through heterozygous 3 wild-type sib mating, because homozygotes are infertile (19, 20) . A strain deficient in villin1 (Vil1), a protein expressed in the brush border of the intestine, was generated at the Institut Curie (21) by villin1 gene targeting in 129S2/SvPas ES cells followed by injection into C57BL6 blastocysts; chimeric mice were subsequently intercrossed with DBA/2 mice to generate homozygous Vil1 2/2 mice on a mixed 129S2, B6, and D2 background. This strain is named STOCK Vil1 tm1Syr . D1 and D2 mice were reciprocally mated to generate 40 mice, 20 (D13D2) F 1 and 20 (D23D1) F 1 . The F 1 males were mated in trios with one D1 and one D2 female; females were separated before giving birth. F 1 females were paired and mated to D1 or D2 males. A total of 294 backcross mice were generated with N 5 200 originating from D13D2 grandparents and N 5 94 from D23D1 grandparents.
MATERIALS AND METHODS

Mice
Phenotyping
Blood samples from mice fasted for 4 h in the morning were collected in tubes containing EDTA, centrifuged at 9,000 rpm for 5 min, and plasma was frozen at 220°C until analyzed. Plasma samples were thawed, vortexed, and analyzed within a week of being collected. Concentrations of TG, HDL, and total cholesterol were measured directly using enzymatic Reagent Kits (#650207, #467825, and #445850; Beckman Coulter, Inc.) used according to the manufacturerʼs recommendations on the Synchron CX Delta System (Beckman Coulter, Inc.). In addition, thyroxine (T4) was measured in male backcross plasma samples that had been frozen at 280°C (Beckman assay #445995).
D1 by D2 mice. Mice were weighed at weaning (21 days) and at each blood sampling time point: 8, 11, and 16 weeks of age. After the 8 week sample, mice were fed a high-fat (HF) diet for the remainder of the experiment. This diet contained 15% (by weight) dairy fat, 1% cholesterol, and 0.5% cholic acid and has been previously described (22) .
Tshr
hyt colony. Plasma from chow-fed mice was taken at 8 weeks of age and T4 as well as lipids were measured. Controls were littermate Tshr 1/1 and Tshr hyt/1 mice from heterozygous matings.
Vil1-deficient colony. Plasma from chow-fed mice was taken at 12 weeks of age; controls were B63D2 F 1 mice.
Genotyping
SNP genotyping was performed on genomic DNA isolated from tails. A total of 40 markers (see supplementary Table I) were chosen from a panel designed to facilitate genotyping in inbred mouse strains (23) and was performed by the Allele Typing Service at The Jackson Laboratory in conjunction with KBiosciences (Herts, UK). Markers were chosen at evenly spaced intervals where possible. However, on many chromosomes, D1 and D2 differ at only small regions and are hence only represented by markers where polymorphisms existed. For this reason, the 95% confidence intervals of the QTLs are not meaningful and are not provided. More recently, the Broad Institute released additional SNPs that indicated polymorphic regions between D1 and D2 (www.broad.mit.edu/personal/claire/MouseHapMap) that were not represented by the Jax SNP panel. At these locations, assays were developed based on the sequencing data available from the Broad Institute.
QTL and statistical analyses
QTL analysis was performed using Pseudomarker 2.03 (http:// www.jax.org/staff/churchill/labsite/software/pseudomarker) as described previously (24) . Approximate cM coordinates for the SNP markers for QTL analysis were obtained by dividing Millions of base pair (Mbp) positions (mouse genome build 36) by a factor of 2 except for chromosome (Chr) 19, where we used the Mb/1.04. The validity of this approximation was confirmed by comparison to estimated map positions in Pseudomarker and also from previous cM to Mb comparisons in the mouse (25) . A QTL was named if it was significant or if it was suggestive but confirmed a previously reported QTL.
Phenotypes were normally distributed and thus not transformed. Interval mapping was performed with sex as an additive covariate and also sex as an interactive covariate, which provides a test for a sex-by-QTL interaction. Genome-wide significance was determined using 1,000 permutations with stratification by sex (26) . A pairscan analysis was performed to detect gene interactions; however, no significant interactions were identified. Other statistical analyses were performed using JMP version 6.0 (SAS Institute); data are presented as means 6 SEM unless otherwise noted. Paired Studentʼs t-tests were used for comparisons.
SNP and haplotype analysis
A total of 140,000 SNPs were downloaded from the Mouse Phenome Database (www.jax.org/phenome) for the strains DBA/1J and DBA/2J for direct SNP and haplotype comparisons. In addition, SNPs from C57BL/6J, 129S/SvImJ, and other strains were also used for combining haplotypes with concordant QTLs found in previously published crosses (27) . Gene lists for each chromosome were obtained from build 36 of the Ensembl database (http://mouse.ensembl.org). We have implemented a function in the R computing environment (http://www.r-project.org/) to identify lists of genes in regions differing at the haplotype level between D1 and D2. Those gene lists were further reduced according to differing haplotypes of strain-pairs that gave rise to concordant QTLs.
with accompanied software (Sequence Detector v2.0). Reactions were carried out on 96-well MicroAmp optical plates with optical adhesive tape (Applied Biosystems). For each reaction, three identical (systematic) replicates were carried out on four biological replicates. For each gene examined, identical reactions were processed on the same 96-well plate with primers for mouse Actb to normalize for variation in loading between samples (DCT).
Real-time quantitative PCR (RT-PCR) was performed on mouse Tshr, Vil1, Ihh, and Cyp27a1. Tshr was examined in adipose and liver mRNA, although we could not detect Tshr in the liver. Cyp27a1 was examined in liver mRNA, Vil1 was examined in intestines, and Ihh was examined in liver and intestines. Log dilution comparisons were performed between the genes under investigation and the control (Actb) to establish the working concentration at which comparable amplification is linear. Multiple primers were tested for each gene, and primer pairs with linear DCT amplification over a 64-fold window were selected for RT-PCR.
Design of primers was carried out using Primer3, available online at http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www. cgi, using sequences from the Mouse Genome Sequencing Consortium Assembly build 37. The rodent mispriming library was chosen as a constraint for improved primer design. Tshr: F-TGCTC-AAGTTTCTTGGCATTT, R-GTTTTCAGGGACCGAAGTCA; Vil1: F-TGGGACCAGGTCTTCTTCTG, R-CTCAAGGTCTCGGTTTC-CAG; Ihh: F-ACCGTGACCGAAATAAGTATGG, R-GCCGAATGCT-CAGACTTGAC; Cyp27a1: F-TCTGGCTACCTGCACTTCCT, R-GTGTGTTGGATGTCGTGTCC; and Actb: F-TTGGGTATG-GAATCCTGTGG, R-CTTCTGCATCCTGTCAGCAA.
Sequencing
Genes were sequenced using primers designed from genomic C57BL/6J sequence to sequence the exons of each gene with 50 nucleotides of adjacent introns. Purified PCR products were sequenced by the Jackson Laboratory DNA Sequencing Service using capillary-based sequencing machines.
RESULTS
Differences between D1 and D2
Phenotypic. D1 and D2 differ in their plasma levels of TG for females fed a chow diet and for males fed either chow or a HF diet for 8 weeks ( Table 1) . These strains also differed in HDL for males fed the HF diet. In each case, D2 has the higher phenotypic value. Interestingly, F 1 mice fed a chow diet have significantly higher levels of circulating lipids than either parent strain ( Table 1 ). The strains also differ in insulin (D1 5 3.2 6 0.5, D2 5 4.6 6 0.6 ng/ml, P , 0.05), leptin (D1 5 10.7 6 1.2, D2 5 22.1 6 3.6 ng/ml, P , 0.005), and percent body fat (D1 5 22.5 6 1.7, D2 5 29.1 6 1.4 ng/ml, P , 0.005) (18) .
Genotypic. Overall, D1 and D2 differ by 5.6% when examining approximately 140,000 SNPs generated by the Broad Institute as well as several other sources (www.jax. org/phenome). This translates to 6,949 observable polymorphic SNPs representing 1,697 known or predicted genes in regions that are not IBD (6.6%). Some chromosomes, such as Chrs 5, 7, 8, 15, 19 , and X are almost identical between the two strains, having between 0 and 9 genes in non-IBD regions. Chrs 2, 3, 4, and 17 have the greatest number of genes in differing haplotypes, with 15-25% of all genes located in polymorphic regions (Fig. 1) .
QTL analysis QTL analysis was performed for each lipid trait at 8 weeks of age on a chow diet, at 11 weeks of age, after the mice had been on a HF diet for 3 weeks, and at 16 weeks of age, after the mice had been on the high fat diet for 8 weeks. If QTLs mapped within 20 cM of each other for all three diet conditions, we assigned one QTL name to represent all QTLs; however, if the distance was greater than 20 cM or there were differences in sex effects, we assigned a separate QTL name ( Table 2 ).
Triglycerides. Significant or suggestive QTLs for TG were found on nearly all chromosomes except Chrs 6 and X ( Fig. 2A-C , Table 2 ). Eight QTLs are significant on the chow diet, 6 on the 3 week HF and 6 on the 8 week HF diet ( Table 2 ). All significant QTLs, except for Tgq17 (Ch4 @68cM), are significant or suggestive in at least a second diet/age condition, but none are significant for all three conditions. Seven loci are at least suggestive across all three diet conditions for TG: Chr 1@34 cM; Chr 8@40 cM; Chr 9@6 to18 cM; Chr 10@45-60 cM; Chr 12@45 cM; Chr 16 @40 cM, and Chr 19@51 cM. Chr 3 is complex, with at least 2 QTLs present for the chow diet and a third one on the 3 week HF diet; these are further complicated by sex interactions. Many of the QTLs observed for TG were either sex specific or were strongly affected by sex, as shown by a change in logarithm of the odds ratio (LOD) score .2 when comparing the genome scans using sex as additive or interactive covariate; in all such cases, males had the higher TG. Only 2 of the QTLs in mice fed a chow diet were influenced by sex; however, 13 of the 18 QTLs for the 3 week HF diet and 7 of 14 QTLs for the 8 week HF diet had significant sex interactions. Many QTLs reported were significant in both sexes; however, for 2 TG QTLs, the effect was greater in males (M1, F), and an additional 6 QTLs were specific to males (M/) ( Table 3) .
HDL. A total of 3 significant QTLs for HDL were identified, 1 on Chr 16@39 cM for the chow diet, 1 on Chr 3@ 2 cM for the 3 week HF diet, and 1 on Chr 9@1 cM for the Chr, chromosome; LOD, logarithm of the odds ratio; TG, triglyceride. The 95% confidence limits for quantitative trait loci (QTLs) are not given, because they are not meaningful in a cross for which the parents are identical for most of the genome. All QTLs are suggestive at .0.37 or significant at .0.95 (given in boldface). Suggestive/ significance thresholds (determined after 1,000 permutations) for chow, HF 3 weeks, and HF 8 weeks are 2.2/3.8, 2.3/3.8, and 2.4/4.1 for TG and 2.3/3.9, 2.4/4.0, and 2.6/4.1 for HDL.
a Suggestive QTLs on Chr 2@75 and Chr 15@31 cM for TG, and Chr 12@41 and Chr 14@26 cM for HDL were named because they had been previously found in other crosses (see Table 3 ). QTLs for total cholesterol, body weight, and thyroxine (T4) can be found in supplementary Table II. 8 week HF diet. Additional suggestive QTLs were identified on Chrs 4 and 10 for chow diet, Chrs 2, 4, 12, 14, and 16 for 3 week HF diet, and Chrs 2, 4, 10, and 12 for the 8 week HF diet ( Table 2 , Fig. 2D-F) . The significant QTL on Chr 3 at 6 cM identified on the 3 week HF diet appears to be transient, because the effect is not present for either the chow diet or the later 8 week HF diet time point. It is possible that the TG QTL on Chr 3 is also affecting HDL, especially on the chow diet, where HDL QTL maps to 18 cM. An additional significant QTL was found in the related trait for total cholesterol on Chr 16 (on the chow diet 85-95% of total cholesterol is HDL), and suggestive QTLs for total cholesterol were detected on Chrs 2, 3, 4, 8, 9, 10, 12, 13, and 14, which map to approximately the same locations as the HDL QTLs (see supplementary  Table II and supplementary Fig. IA-C) . Under all three age/diet conditions, D2 contributed the high allele for significant or suggestive QTLs.
Body weight and T4. Six significant and 6 suggestive QTLs were identified for body weight at 21 days, immediately prior to weaning (see supplementary Table II and supplementary Fig. ID-G) . None of these QTLs were present at later time points. Overall, the effect was determined by unknown paternal effects. Progeny derived from F 1 females (either D13D2 or D23D1) mated to D1 fathers (10.0 6 0.2 g) were significantly larger than progeny from F 1 females mated to D2 fathers (8.0 6 0.2 g, P , 0.0001). Whether the grandsire was D1 or D2 did not have a significant effect on the grand-progeny (P 5 0.77). T4 was measured in males on the 8 week HF diet (see supplementary Table II (Fig. 3B) . SNP coverage to detect non-IBD regions between D1 and D2 is relatively good, with a median distance between SNPs of ?7 kb, and only one large gap spanning 7.5 Mb with no SNPs (Fig. 3B, C) .
The QTL on Chr 12, significant for TG and suggestive for HDL, has a peak marker located at 89 Mb. The QTL region close to the peak marker (89.9-91.8 Mb) contains three genes: neurexin 3 (Nrxn3), an uncharacterized Riken gene (4930534B04Rik), and thyroid-stimulating hormone receptor (Tshr). Nrxn3 is a well-characterized gene that is involved in synaptogenesis (28) and is not expressed in any tissues that would imply involvement in lipid metabolism (http://symatlas.gnf.org). The Riken clone, 4930534B04Rik, has no known function, although expression profiling sug-
Fig. 2. Genome scan for triglyceride (TG) (A-C) and HDL (D-F). Chow diet at 8 weeks of age (A, D), at 11 weeks of age after being on a high-fat (HF) diet for 3 weeks (B, E), and at 16 weeks of age after being on a HF diet for 8 weeks (C, F). Sex is fitted as an additive and interactive covariate (Y 5 QTL 1 Sex 1 Sex*QTL). QTL, quantitative trait locus.
gests a possible function in the testis. The third gene, Tshr, is involved in controlling thyroid hormone levels, which have previously been associated with atherosclerosis, obesity, bone disease, and other metabolic diseases (29-31), making Tshr a probable candidate gene.
In humans, Tshr is primarily expressed in the thyroid but also to some extent in adipose tissue, a primary peripheral tissue for the storage of cholesterol (32) . Similarly, in the mouse, Tshr is expressed at high levels in adipose tissue. Consequently, Tshr was selected as the most probable candidate gene for the HDL/TG QTL on Chr 12. A strain with a point mutation causing a natural knockout of Tshr, called hypothyroid (33) , was obtained from The Jackson Laboratory. Tshr 1/2 heterozygotes were intercrossed, and litter- mates that included all three genotypes were compared with each other. Originally, T4 was reported as undetectable in this strain (19) , but with more-sensitive assays, we are able to detect the presence of T4 in Tshr hyt/hyt males at 0.40 6 0.5 SE mg/dl, and a trace amount in females at 0.1 6 0.7 SE mg/dl (detection threshold, 0.20 mg/dl). This low level could represent cross-reactivity of the antibody with T3 or it could be low levels of T4. At 8 weeks of age, TG is significantly lower in homozygous Tshr hyt/hyt (77 6 6 mg/dL 6SD) versus heterozygous and wild-type mice (223 6 10 mg/dL 6SD, P , 4.3 3 10 213 ), with no significant difference between males and females (Fig. 4A) . However, HDL is significantly different between males and females (P , 0.001) and is thus analyzed separately. Nonetheless, both sexes of Tshr hyt/hyt mice show a significant increase in HDL, 20% in females (P , 0.02) and 30% in males (P , 0.05), mirroring the relative impact of the QTL effect observed between D1 and D2 for HDL and TG (Fig. 3A) .
Chr 1@34 cM Tgq9. The significant TG QTL on Chr 1 for an 8 week HF diet is suggestive for the other two diet conditions. The only identifiable region on Chr 1 that differs between D1 and D2 spans 67.9 to 74.9 Mb and contains 24 known or predicted genes ( Table 4) . Three genes are of particular interest because they are highly expressed in tissues related to lipid metabolism or have known functions related to lipid metabolism. These are cytochrome P450, family 27, subfamily a, polypeptide 1 (Cyp27a1); villin 1 (Vil1); and Indian hedgehog (Ihh).
Cyp27a1 is a likely candidate because it is almost exclusively expressed in the liver. The role of CYP27A1 is to convert cholesterol into bile acids for secretion, and TG and cholesterol levels are significantly increased in Cyp27a1 2/2 mice (34). Ihh was identified as a candidate because it is specifically expressed in the intestine, and inhibition of Ihh by antibodies significantly reduces the rate of TG absorption (35) . Ihh 2/2 mice are homozygous lethal; heterozygotes were not available for testing. Vil1 also was identified as a candidate because it is specifically expressed in the intestines, which is an important route for lipid absorption and metabolism. We were able to obtain Vil1 2/2 mice (21) on a C57BL/6 (B6) and D2 mixed genetic background and compared these to B6D2 F 1 mice for differences in TG and HDL (Fig. 4B ). Lipid traits were significantly different between sexes (TG P 5 0.05, HDL P , 0.001) and thus are presented separately. Triglyceride levels were significantly lower in both male and female Vil1 2/2 mice; HDL levels were lower only in female Vil1 2/2 mice (Fig. 4B) . 
Further testing of candidate genes
A QTL gene must have an expression difference between the parental strains or a coding region polymorphism that can change function. To further test the candidates Tshr, Vil1, Ihh, and Cyp27a1, we carried out RT-PCR and sequenced each gene. We found that Tshr is upregulated nearly 2-fold in DBA/2J adipose tissue relative to DBA/ 1J, requiring almost one less amplification cycle to reach the logarithmic threshold using Actb expression as control (Fig. 5) . Tshr cDNA was not detectable in liver. Sequencing of the exons revealed no SNP differences between D1 and D2 indicating that promoter region differences may exist that affect transcript abundance leading to the QTL effect, rather than functional changes in the protein sequence. For the Chr 1 candidate genes, we found that Cyp27a1 showed a 40% upregulation in D2 liver compared with D1, but this failed to reach significance (P 5 0.08), and Ihh showed a significant 60% increase in D1 liver compared with D2 (P 5 0.03). Ihh and Vil1 were both examined in intestines because this is where these genes are principally expressed. However, neither Ihh nor Vil1 differed significantly in intestine expression between the two strains (Ihh, P 5 0.12; Vil1, P 5 0.32).
Sequencing of Ihh and Vil1 revealed that neither gene had coding region SNPs but that both have polymorphisms in the 3′ untranslated region (UTR); Vil1 has an adenosine trinucleotide insertion, whereas Ihh has four SNPs between D1 and D2 ( Table 5) . Sequencing of Cyp27a1 revealed no polymorphisms in the coding region.
Candidate gene identification for QTLs on other chromosomes. Of the significant TG QTLs identified, 11 are located in locations not previously reported as significant in mouse QTL studies. These are: Chr 1@34, 2@3, 2@27, 4@68,  9@6-18, 10@45-60, 12@40, 13@58, 14@25-48, 16@40 , and 19@51 cM. The significant TG QTLs located on Chr 4@68, 8@40, and 11@19 cM, have been previously reported in other mouse QTL crosses (Table 3) . Combining crosses or haplotyping did not help to narrow the QTLs significantly (data not shown). For HDL, the 3 significant QTLs identified in this study are located in regions not previously reported to be associated with HDL in mouse studies.
DISCUSSION
Increased levels of LDL and TG, as well as decreased levels of HDL, are predictors of atherosclerosis and cardiovascular disease. However, lipid levels are controlled by genes and pathways that largely remain unknown. Whereas mouse models have been extensively used to map QTLs for lipids, the focus has been to use strains that have extreme differences at the phenotype level and also at the genotype level (27, 36) . Although this approach is useful in capturing maximal genetic variation between any two strains, the big differences at the genetic level between the initial cross strains mean that the confidence intervals that result from these QTL studies usually contain a prohibitive number of genes in terms of candidate analysis.
In this study, we limited the genetic variability by crossing the closely related strains DBA/1 and DBA/2. This allowed us to map multiple QTLs for lipids, and many of these QTLs mapped to regions containing a small number of genes. However, comparisons between closely related strains could be more susceptible to type 2 errors, given that polymorphisms could exist that are more difficult to detect than when comparing two more distantly related strains. Here we used over 140,000 SNPs with a median interval of ?7 kb, which should limit such errors.
On the chow diet, QTL for TG affected males and females approximately equally; however, on a HF diet, many QTLs were male-specific. This is consistent with the observations of the parental phenotypes; D1 and D2 males differed significantly on both diets, but females differed only on a chow diet. Although D1 and D2 differed significantly in body weight at 8 weeks when fed chow and differed even more after consuming a HF diet for 8 more weeks, no significant obesity QTLs were observed beyond weaning age, indicating a possible lack of SNP coverage for a potential body weight locus.
Nonetheless, as demonstrated here, by using over 140,000 SNPs, we were able to capture sufficient variation to map numerous QTLs and identify candidate genes, especially for TG and HDL levels. By examining gene expression profiles from public databases, we were able to identify two novel candidates, Tshr and Ihh.
Chr12@45 cM (Tgq23) candidate gene
Tshr. Tshr was identified as one of only three genes in the Chr 12 QTL interval that could be responsible for the significant effect on TG and the suggestive effect on HDL. Testing a hypomorphic strain for Tshr revealed that this gene does indeed have a strong effect on both TG and HDL levels. The mutant Tshr hyt strain has a Pro556Leu mutation (19, 20) that makes it hypothyroid with decreased TG and increased HDL relative to controls. In our QTL, D2 alleles give rise to both increased TG and increased HDL, so the effect is not quite the same. However, the background of the Tshr hyt mutant (mixed BALB/cByJ and RF/J) is very different from the context of the D1 by D2 QTL analysis, and polymorphisms within each of these strains for the other thyroid hormone pathway genes may account for these differences. Sequencing revealed no coding region polymorphisms between D1 and D2 in Tshr, but mRNA was significantly upregulated in D2 relative to D1.
In humans, the thyroid hormone pathway has long been linked to dyslipidemia. The association of lipids to subclinical hypothyroidism is inconsistent with studies reporting that hypothyroid populations can have both decreased and increased LDL, HDL, and total cholesterol (37, 38) . However, in general, people with overt or subclinical hypothyroidism have elevated LDL and total cholesterol, whereas HDL and TG remain unchanged (38) (39) (40) . Treating hypothyroidism with T4 generally decreases total cholesterol and LDL, but does not change HDL and TG (41) (42) (43) (44) .
In conclusion, it appears that the thyroid hormone pathway is important for lipid metabolism in both mice and humans. However, treating hypothyroidism with T4, the end product of this pathway, is not effective for correcting TG and HDL levels. Rather, specific genes in this pathway could be targeted to modify lipids that would not directly affect T4 levels and would hence avoid adverse cardiac side effects. This has recently been demonstrated for an agonist of liver thyroid hormone receptor b, leading to lowered LDL but unchanged cardiac function (45) . As shown here, Tshr could also be a valid target for influencing HDL and TG levels.
Chr 1@34 cM (Tgq9) candidate genes Cyp27a1, Ihh and Vil1. This locus contains three genes of interest that were examined further. Cyp27a1 showed no significant expression difference and no coding region polymorphisms. It is true that mice lacking this gene have altered lipid metabolism, including altered TG levels (34), but we find no evidence that Cyp27a1 can account for the TG QTL in this cross. Vil1 is almost exclusively expressed in the mouse intestine, and its expression is so specific that the Vil1 promoter is frequently used in expression systems to upregulate target genes in the intestines. VILLIN1 is produced primarily in epithelial cells that develop the brush border responsible for nutrient uptake, and it has been characterized as a calcium-dependent actin binding protein (46) . We identified a trinucleotide insertion in the 3′UTR; however Vil1 did not have any coding region differences between D1 and D2, nor were there any expression differences. We did show that TG was altered in a Vil1 knockout, but these altered TG levels may result from the true QTL gene in the mixed genetic background of the knockout, which included not only B6 and D2 (the predominant backgrounds of the Vil1 knockout strain) but also 129S2 (the genetic background of the original ES cell line). Ihh did show significantly different expression in the livers of D1 and D2 mice and had polymorphisms in the 3′ UTR, which might account for the expression difference. This leaves Ihh as the most likely candidate gene. Further studies potentially utilizing knockdown technologies performed in the DBA strains could provide more definitive proof that Ihh can affect lipid metabolism.
In summary, a total of 21 different QTLs were identified for TG, 12 of which were significant in at least one of the three diet conditions, and 6 of which were significant for two diet conditions. We conclude that diet strongly affects TG levels, and also that TG is a highly complex trait, even in the presence of a model with relatively limited genetic variability. Larger genetically heterogeneous mouse models are very powerful in identifying QTL genes (47) (48) (49) ; however, as demonstrated here, closely related mouse strains can also be used in a more trait-focused manner to identify complex trait genes.
